% OAK RIDGE Project ID: mat221 ﬁ
National Laboratory

Lightweight and Highly-Efficient Engines Through Al cmd
Si Alloying of Martensitic Materials; .
Yong-Chin Chen (PI)

Corey Trobaugh (Co-Pl)
Quancang Ma, Jian Zhou, Howard Savage, Cummins Inc.

Dean Pierce (PIl, Presenter),

Govindarajan Muralidharan (Co-Pl)
Hsin Wang, Artem Trofimov, Allen Haynes, ORNL

2021 DOE Vehicle Technologies Office Annual Merit Review
June 23, 2021

ORNL is managed by UT-Battelle, LLC

This presentation does not contain any proprietary, confidential, or otherwise restricted information.
This project is a Cooperative Research and Development Agreement (CRADA), funded by Vehicle
Technologies Office LightMAT Consortium. Certain data have been withheld and some data in this
presentation have been sanitized for public release




> : C e
o] |- DOE Budget: $625k/3yrs | . Optimization of elevated temperature strength,
g gns%%slg% Cf}ssf share: thermal conductivity, and oxidation resistance of
O Y piston steels Bowl rim
%] ° Program Start: May 20179 . N - .
S| broorom enct Aori20s | * Machinability/weldabilty/Affordability /
. 66% Complete - Scaling steel to larger sizes
- Originally a 2 year * Engine downsizing
timeline, but 1 year —
extension granted in April Critical Properties for Piston Application

2021. High Temperature

Strength

|

Affordable Optimized | Oxidation

Piston Resistance
Alloy

« Cummins

Pin boss

Manufacturable

Ring groove

%OAK RIDGE
Nat

ional Laboratory



Relevance

 Higher cylinder pressures and temperatures = higher efficiency.

e Current heavy duty diesel (HDD) piston steels (4140 & micro alloyed steel (MAS))
not suitable for temperatures >~500°C.

« Challenge to electrify heavy duty long haul freight due to battery power density
* Objective: develop affordable, innovative, higher temperature piston alloys
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4140 is Currently at Limits of Temperature and Strength in
Heavy Duty Diesel Engines (HDDE)

Composition (wt.%)

« Alloy 4140 is current state of art for HD

Alloy Mn C Cr Si Mo Fe
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pistons (low alloy steel).
4140 0.9 0.4 1 0.3 0.2 97.6

* 4140 is limited to peak temperatures near
500 °C (oxidation and strength concerns).

 Limits of 4140 pistons are a major barrier to increase engine efficiency.
« Challenge to modify 4140 and significantly improve properties, at low cost
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Milestones

* Milestones contain details not authorized for public release.
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Alloy Development to Piston Prototype and Engine Test
« Computationally designed ~35 different alloy compositions

« Arc melted lab scale heats

APPROACH

* Thermo-mechanically processed

» Performed processing and evaluations
— Compositional measurement
— Elevated temperature tensile and fatigue testing

Lab Scale Research
Years 1 and 2

— Cyclic oxidation testing at 550 and 600 °C in ===y @ b 4
— Thermal properties: Diffusivity, heat capacity, CTE :
— Computational fluid dynamics analysis

« Down selected promising alloy
* In process of scaling up alloy (1500 lbs heat)

Industrial
Scale Up
Year 3

 In process of manufacturing prototype pistons

. 4 * Engine testing of New Alloy Planned for FY2022
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Novel Alloy Design Leads to Exceptional Strength at 600°C
UTS at 600° C: as- tempered

As-tempered

« Condition:
— as-tempered

— as-tempered plus aged
500h at 600 °C condition.
« Strength after aging far
exceeds existing
commercial martensitic
Material Condltlon

steels
UTS at 600° C: as-tempered and aged

* Enables:
— Higher cylinder pressure . \.
— Engine downsizing. IIIII

 Performed RBF on
highest strength alloy
%0AK RIDGE Aged 600 °C/500h
al Libor Material Condition
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New alloy shows exceptional fatigue strength at 600 °C
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4140 Exhibits High Oxidation Mass Gain in Air Plus 10% H,O

* Developmental alloys (not shown) exhibit superior oxidation
kinefics to 4140 at 550 and 600 °C
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Simulation and Analysis Shows Piston
Temperature Distribution and Increases in
Engine Efficiency

« Thermal property generated for y

many alloys
« Computational Fluid Dynamics

Thermal Conductivity (w/m-K)

TR
S

shows higher piston surface 25 225 o
temperatures over 4140. \ il
« Simulation indicates brake specific

Piston Temperatures

fuel consumption (BSFC) reduced
over 4140.

« Deeper analysis ongoing to look at
further define efficiency increases.
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Responses to Previous years Reviewer’s comments
 Nof reviewed last year.

Remaining Challenges and Barriers

e Scaling up alloy and ensuring steel product quality and
properties are similar to that obtained during lab scale
processing

« Manufacturing prototype pistons & subsequent engine testing

Collaboration and Coordination

e Cummins and ORNL

* Melting, Processing and Forging Shops

* Partnering with Piston supplier to manufacture prototype pistons
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Proposed Future Research for FY22

« FY22:

— Material scale up

— Piston fabrication from new alloy
« Casting
» Forging
« Welding
* Machining
» Heat treatfing

— Engine Testing

— Post test characterization

— Analysis-Led Design with materials data generated on
component level
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Developed Novel Cost-Effective Piston Alloy With
Improved Properties in 2 Years and in Process of Scaling
Up For Engine Testing
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* A new alloy has been developed and down selected for piston
manufacture and engine testing

 New alloy is cost effective and metallurgical properties were optimized for
pistons

* In the process of scaling up to 1500 lbs heat of the alloy for piston
prototyping & engine testing
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